We cloped the structural genes for the individual subunits of the branched-chain keto acid dehydrogenase multienzyme complex on a 7.8-kilobase EcoRI-SstI restriction fragment of Pseudomonas putida chromosomal DNA by cloning into the broad-host-range vector pKT230. A direct selection system for growth on valine-isoleucine agar was achieved by complementation of P. putida branched-chain keto acid dehydrogenawe mutants. The recombinant plasmid, pSS1-1, increased expression of branched-chain ketQ acid dehydrogenase up to five times in wild-type P. putida. The complex was expressed cQnstitutively in P. putida(pSSl-l) but was inducible in Escherichia coli HB101(pSS1-1) by high valine. E. coli minicells tra'nsformed with pSS1-1 produced three polypeptides which did not match the fopr polypeptides of the purified complex. To resolve this problem, we inserted P. putida DNA from pSS1-i into pUC18 And pUC19. The pUC-derived plasmids were used as DNA templates in an E. coli transcription-translation system. Four polypeptides were produced from the pUC18-derived plasmid which had the correct molecular weights, showing that the structural genes had been cloned. Since only weak bands were produced with the pUC19-derived plasmid, the direction of transcription was established. The locations and order of all the structural genes of branched-chain keto acid dehydrogenase were located by restriction enzyme mapping.
Branched-chain keto acid dehydrogenase is an enzyme common to the catabolism of valine, leucine, and isoleucine. The enzyme has been purified from mammals (25, 26) and from Pseudomonas putida (31) , Pseudomonas aeruginosa (21) , and Bacillus subtilis (17) . In each species, it is a multienzyme complex composed of three functional subunits: El, the dehydrogenase-decarboxylase; E2, the transacylase; and E3, lipoamide dehydrogenase. Purified branched-chain keto acid dehydrogena'se from mammnals is composed of four polypeptides, the E-1 subunit being composed of two dissimilar proteins. The E2 and E3 subunits of the Pseudomonas complexes have been identified, but it was not clear whether El consisted of one or two polypeptides. P. putida and P. aeruginosa are unusual in that they possess two functionally and structurally distinct lipoamide dehydrogenases, LPD-Val and LPD-Glc (21, 29) . LPD-Val is the specific E3 subunit of branched-chain keto acid dehydrogenase. Mutations affecting subunits of branched-chain keto acid dehydrogenase including LPD-Val map by conjugation at a single location on the P. putida chromosomes, suggesting that the structural genes are linked (37) . LPD-Glc is the E3 subunit of 2-ketoglutarate and probably pyruvate dehydrogenase and is the L-factor of glycine decarboxylase in P.
putida (28, 29) . In Escherichia coli there is a single lipoamide dehydrogenase which functions as the E3 subunit of the pyruvate and 2-ketoglutarate dehydrogrnases (11) .
There is some evidence which suggests that branchedchain keto acid dehydrogenase evolved from pyruvate dehydrogenase. Lowe et al. (17) have isolated a dual-purpose keto acid dehydrogenase from B. subtilis which acts on both pyruvate and branched-chain keto acids. However, LPDVal seems to have evolved specifically as the E3 subunit of branched-chain keto acid dehydrogenase and probably sep-arately from LPD-Glc (8, 28) . In the present study, we cloned this region containing the genes for the entire branched-chain keto acid dehydrogenase complex as a first step to elucidating the DNA sequence of this region of the chromosomne.
MATERIALS AND METHODS
Bacterial strains and plasmids. The P. putida strains and plasmids used in this study are listed in Table 1 . Branchedchain keto acid dehydrogenase mutants listed in Table 1 cannot grow on the valine-isoleucine agar described in the next paragraph. The strains of E. coli used were JM109 (38) , HI3101 (3), and TB1 which was obtained from Bethesda Research Laboratories, Inc. (Gaithersburg, Md.). TB1 is similar to JM83 (38) except that TB1 is hsdR hsdM+. The plasmid vector pKT230 was described by Bagdasarian et al. (1) and was provided by Mark Shanley, Department of Biology, Yale University.
Media. Valine-isoleucine agar contained 0.3% L-valine and 0.1% L-isoleucine in the basal medium described earlier (19) . Basal medium free of ammonium ion was obtained by omitting ammonium sulfate from the basal G solution. To test the inducibility of subunits of the complex in organisms unable to grow on valine-isoleucine agar, we used GASV medium. GASV medium contains 10 mM glucose, 2 mM acetate, 2 mM succinate, 0.3% valine, and 0.1% isoleucine (30) . Valine is deaminated to 2-ketoisovalerate, the inducer of branched-chain keto acid dehydrogenase (20) , allowing expression of branched-chain keto acid dehydrogenase. GAS medium lacks valine and isoleucine and was used to grow keto acid dehydrogenase mutants which might require acetate or succinate for growth (11) . L broth was described previously (15) , as was 2x YT medium (22 DNA preparation. pKT230 was isolated from P. putida PRS2003 grown in 800 ml of L broth plus kanamycin by using two successive cesium chloride-ethidium bromide centrifugations of cleared lysates by the method of Clewell and Helinski (5). P. putida chromosomal DNA was isolated from a single cesium chloride-ethidium bromide centrifugation by the same method as for plasmid preparation with omission of the sodium chloride precipitation step. DNA restriction fragments were separated by electrophoresis in 0.8% agarose gel.
Cloning procedures. A limited digest of P. putida chromosomal DNA by EcoRI and SstI produced a majority of fragments in the 5-to 15-kilobase (kb) size range. This was mixed with a complete EcoRI-SstI digest of pKT230 with chromosome-to-vector DNA ratios of 10:1 and ligated with T4 ligase. EcoRI-SstI digestion of pKT230 inactivates the streptomycin resistance gene, but leaves the P-lactamase promoter, which controls this gene, intact (1) . Recombinant plasmids were Kmr Sms. The amount of DNA used in the ligations and transformations ranged from 0.06 to 0.2 jig.
Ligation was done in a total volume of 50 ,ll containing 2 U of T4 ligase, and the mixture was left overnight at 14°C. The transformation procedure used for P. putida was that described by Bagdasarian and Timmis (2) . Direct selection for recombinant molecules was achieved by complementation of P. putida branched-chain keto acid dehydrogenase mutants listed in Table 1 for growth on valine-isoleucine medium and sensitivity to streptomycin. pSS1 and pSS1-1, which are recombinant derivatives of pKT230, were created in this fashion.
pJRS1 was created by digesting pSS1-1 with SstI and inserting the fragment into pUC18 also digested with SstI ( Fig. 1) . pJRS2 was created by digesting pJRS1 with EcoRI and HindIII which cut into the polylinker of pUC18, removing the insert of P. putida DNA which was ligated into pUC19 similarly digested. This procedure produced plasmids with inserts of P. putida DNA in opposite orientations.
pJRS3 was constructed from a PstI-SalI digest of pJRS2, and the resulting fragment was inserted into the polylinker of pUC19. pJRS4 was constructed from pJRS1 by digestion with EcoRI and ClaI, which released a 6-kb fragment and left 1.8 kb of DNA still attached to pUC18. The 1.8-kb fragment was released by digestion with AccI which also created a sticky end in the polylinker compatible with ClaI. The 6-kb fragment was then ligated into pUC18 with EcoRI-Clal sticky ends, yielding pJRS4. pJRS10 was created by digestion of pJRS1 with KpnI which removed 4.5 kb of P. putida DNA. The remaining DNA (pUC18 plus insert of 3.3 kb) was then religated, yielding pJRS10.
pJRS23 was made by digesting the P. putida DNA insert of pJRS1 with Bat 31 so that deletions were created from the SstI restriction site at the El end of the coding region (10) . The resulting DNA fragment contained a blunt end and a HindIIl sticky end which was ligated into pUC18. This plasmid, pJRS21, was cut with SalI and EcoRI which released 2.3 kb of DNA. The remaining 2.9 kb of DNA was ligated into pUC18.
pJRS24 was obtained by digesting the polylinker of pJRS3 with BamHI and SstI and treating with ExoIlI and Si nucleases (12) and recircularizing the shortened plasmid with T4 ligase. The 3' overhang left by SstI protected the vector from digestion with ExollI, while the 5' overhang left by BamHI allowed pJRS3 to be shortened from the E3 end, leaving only the E2 gene.
Genomic DNA-plasmid DNA hybridizations were done as described by Southern (32), using 0.33 ,ug of pSS1-1, pJRS1, or pJRS2 (1.3 x 107 cptnmlg) and 5 to 6 ,ug of E. coli, P. aeruginosa, or P. putida DNA digested with EcoRI. To reduce hybridization with vector DNA, we included 0.6 ,ug of cold pKT230 or pUC18.
Minicells. The minicell strain used in these experiments was E. coli X925 which was obtained from Roy Curtiss. The experiment was performed essentially as described by Clarke-Curtiss and Curtiss (4), using 5 ,uCi of [35S]methionine and with electrophoresis in 7.5% cross-linked polyacrylamide. Minicell cultures were grown in GASV medium since E. coli does not grow in valine-isoleucine medium.
In vitro transcription-translation. The procaryotic DNAdirected translation kit was purchased from Amersham and used as described in their instructions with 2.5 ,ug of DNA template for each reaction.
Enzyme assays. Preparation of extracts and the assays for branched-chain keto acid dehydrogenase and lipoamide dehydrogenase have been described previously (29, 31) . The El and E2 assays are described in references 37 and 21.
Stability of pSS1-1 in P. putida. Cultures of strain JS287 transformed with pKT230 and pSS1-1 were grown overnight in 4 ml of L broth plus kanamycin, and 0.1 ml of this culture was used to inoculate another 4 ml of L broth without kanamycin. Dilutions of overnight cultures were plated onto L agar, and resulting colonies were replica plated onto valine-isoleucine agar, valine-isoleucine agar plus kanamycin, and L agar plus kanamycin. Colonies growing on valine-isoleucine agar plus kanamycin were scored as carrying pSS1-1, colonies growing on valine-isoleucine agar without kanamycin were revertants, and those growing on L agar plus kanamycin but not valine-isoleucine agar plus kanamycin were carrying pKT230. These numbers were compared with the total number of colonies growing on L agar without kanamycin which included cells which had lost their plasmids.
RESULTS
Cloning strategy. The vector used in these studies was pKT230, a broad-host-range plasmid of 11.9 kb able to replicate in P. putida and E. coli (1) . Direct selection for recombinant molecules containing structural genes for subunits of branched-chain keto acid dehydrogenase was achieved by complementation of P. putida branched-chain keto acid dehydrogenase mutants. Complementation was detected by the ability of transformed mutants to grow on valine-isoleucine agar. Directed cloning with EcoRI-SstI digests yielded colonies on L agar plus kanamycin after transformation, 50 to 60% of which were Strs as a consequence of cloning into the streptomycin site. Direct plating of the transformation mixture onto valine-isoleucine agar yielded several colonies, one of which contained a plasmid with an insert of 11 kb and complemented strains JS112, JS113, JS326, and JS287. The results suggested that the plasmid, designated pSS1, contained all the structural genes for branched-chain keto acid dehydrogenase. pSS1 was subcloned by religation of a limited Sall digest which removed a 3.3-kb segment of DNA. The resulting plasmid, pSS1-1, also complemented all branched-chain keto acid dehydrogenase mutants. pSS1-1 DNA hybridized with DNA from P. putida and P. aeruginosa, but not with DNA from E. coli. The insert was subcloned in pUC18 and pUC19 with the objective of determining the direction of transcription. The resulting plasmids were named pJRS1 and pJRS2, respectively (Fig. 1) .
Stability of pSS1-i in P. putida. The stability of pSSl-1 in P. putida was determined by subculturing in L broth with or without kanamycin. All colonies of P. putida JS287(pKT230) were Kanr after 11 serial transfers, showing that pKT230 was fully retained. However, strain JS287(pSS1-1) maintained the plasmid for three serial transfers after which kanamycinsensitive, valine-isoleucine-negative colonies appeared, and by the eleventh transfer, only 3% of the colonies were kanamycin positive.
Expression of structural genes of pSS1-1 in P. putida mutants. Several pieces of data led to the conclusion that pSS1-i contained structural genes for all subunits of branched-chain keto acid dehydrogenase. The presence of pSS1-1 resulted in production of branched-chain keto acid dehydrogenase activity in mutants lacking El (JS113); El, E2, and LPD-Val (JS326); and LPD-Val (JS287) ( Table 2 ). For comparison, the specific activities of P. putida PpG2(pKT230) and P. putida PpG2(pSS1-1) grown in valineisoleucine medium were 54 and 314 nmol of NADH produced per min per mg of protein, respectively. P. putida mutants transformed with pKT230 did not regain branchedchain keto acid dehydrogenase activity. was regulated by limitation of ammonium ion and by catabolite repression in P. putida PpG2 (Table 3) . Valineisoleucine medium, which contained 40 mM ammonium ion, was used to obtain the data in Table 3 . Where indicated, ammonium ion was deleted from the salt solution, leaving valine and isoleucine as the nitrogen sources. The presence of ammonium ion repressed complex formation, in particular, when supplemented with glucose. This is the typical situation for metabolism of N-containing compounds by gram-negative bacteria (18, 27) . Glucose and succinate also repressed branched-chain keto acid dehydrogenase formation compared with that of control cells grown on valineisoleucine medium. In contrast, neither the source bf nitrogen nor the presence of glucose or succinate had any effect on complex formation by P. putida JS112(pSS1-1) which produced branched-chain keto acid dehydrogenase constitutively. All other mutants of P. putida tran §formed with pSSl-l also produced branched-chain keto acid dehydrogenase constitutively. Expression of branched-chain keto acid dehydrogenase in E.
coli. E. coli does not grow in media containing branchedchain amino acids as the carbon sources. Therefore, production of branched-chain keto acid dehydrogenase by E. coli carrying pSSl-1 would be evidence that structural genes had beeh cloned. E. coli HB101 was transformed with pKT230 and pSS1-i and grown in GAS and GASV media, and cell extracts were examined for branched-chain keto acid dehydrogenase. Surprisingly, the data in Table 4 show that E. coli HB1O1(pSS1-1) produced higher amounts of branched-chain keto acid dehydrogenase in media containing valine. This is also reflected in the specific activity of the El subunit which was nearly three times higher when HB1O1(pSS1-1) was grown in GASV medium compared with growth in GAS medium. It was not possible to measure E2 activity since E. coli contains a deacylase which gave a high endogenous rate with isobutyryl coenzyme A. The data in Table 5 reinforce this result and show that relatively high amounts of L-valine are needed for induction of branched-chain keto acid dehydrogenase in HB1O1(pSS1-1), while P. putida JS287(pSS1-1) produced branched-chain keto acid dehydrogenase constitutively. Extracts of E. coli HB3101(pSS1-1) reacted strongly with anti-LPD-Val. Extracts of E. coli HB101(pSS1-1) required coenzyme A for branched-chain keto acid dehydrogenase activity and were slightly dependent on thiamine PP, and L-valine, although the latter dependency is difficult to demonstrate in cell extracts (31) .
Expression in ninicells. To demonstrate the production of branched-chain keto acid dehydrogenase subunits, we transformed a minicell-producing strain, E. coli x925, with pKT230 and pSS1-1. In view of the preceding data, it was surprising to find that minicells carrying pSS1-1 produced three radioactive peptides with molecular weights in sodium dodecyl sulfate-polyacrylamide gel electrophoresis of 39,000, 45,000, and 53,000 compared with molecular weights of 37,000, 39,000, 46,000, and 49,000 for the purified complex (31) (Fig. 2) . Enzyme assays of cell extracts of E. coli x925(pSSl-l) verified that branched-chain keto acid dehydrogenase activity was present.
Expression of branched-chain keto acid dehydrogenase from pJRS1 and pJRS2 templates. To resolve the problem of expression of branched-chain keto acid dehydrogenase structural genes from pSS1-1 in minicells, E. coli JM109 was transformed with pJRS1 and pJRS2 which contained the insert of P. putida DNA in opposite orientations. The rationale behind these studies was that the pUC promoter might function better in E. coli than the pKT230 promoter. In addition, these experiments would establish the direction of transcription. E. coli JM109(pJRS1) produced large amounts of El and of branched-chain keto acid dehydrogenase (Table 6 ). The formation of LPD-Val was demonstrated directly by the use of specific antiserum and indirectly by the greatly increased activity of lipoamide dehydrogenase in extracts of E. coli JM109(pJRS1). In contrast, E. coli JM109(pJRS2) produced negligible amounts of branchedchain keto acid dehydrogenase ( Table 6 ). The expression of branched-chain keto acid dehydrogenase is clearly constitutive in E. coli JM109(pJRS1), although glucose had a slight repressive effect and isopropyl-,3-D-thiogalactopyranoside appeared to have a slight inductive effect. However, failure of E. coli JM109(pJRS2) to produce significant amounts of branched-chain keto acid dehydrogenase indicated that it was the pUC promoter which was read by E. coli RNA polymerase.
pUC18, pJRS1, and pJRS2 were used as DNA templates in the in vitro procaryotic translation system to determine the size and number of transcripts on the P. putida DNA. With pJRS1 as the template, four polypeptides were produced with molecular weights of 37,000, 39,000, 47,000, and 49,000 which were superimposable on those from a purified preparation of branched-chain keto acid dehydrogenase included as a control (Fig. 3) . When pJRS2 was the template, trace amounts of these same four polypeptides were produced, suggesting that Pseudomonas promoters were being read by E. coli RNA polymerase, although rather inefficiently. In this same experiment, pKT230, pSS1, and pSS1-l were also used as DNA templates, but no radioactive proteins were formed other than those associated with pKT230.
Location of structural genes. The location and order of structural genes for branched-chain keto acid dehydrogenase were established by subcloning into pUC18 or pUC19 and identifying the gene products by the methods described below (Fig. 4) shown at the left of Fig. 4 . The smallest fragment which contained all the structural genes was pJRS4, which is 6 kb in length. Extracts of E. coli TB1(pJRS4) contained branched-chain keto acid dehydrogenase, and when pJRS4 was used as the DNA template in the transcriptiontranslation system, four protein bands with the correct molecular weights were produced. pJRS10 contains the structural genes for the El subunit(s). Proteins with molecular weights of 37,000 and 39,000 were produced when pJRS10 was the template in the transcription-translation system. Also, extracts of E. coli TBl(pJRS10) supplemented the heat-treated Sepharose CL4B fraction which contains active E2 and E3 subunits (31), producing active branchedchain keto acid dehydrogenase. pJRS23 contains the complete structural gene for LPD-Val which was established by showing that extracts of E. coli TBl(pJRS23) reacted with specific anti-LPD-Val serum and complemented extracts of P. putida JS287. pJRS24 contained only the structural genes for the E2 subunit since extracts of E. coli TBl(pJRS24) added to extracts of E. coli TBl(pJRS10) and purified LPD-Val yielded active branched-chain keto acid dehydrogenase. No activity was obtained when extracts of E. coli TBl(pJRS10) and E. coli TBl(pJRS24) were mixed unless purified LPD-Val was added, showing that pJRS24 did not contain the structural gene for LPD-Val.
DISCUSSION
This is the first report that the genes for the entire branched-chain keto acid dehydrogenase complex were cloned from any source, although evidence has been reported that the E2 subunit has been cloned from human fetal liver (16) . Conclusive evidence that structural genes for the entire complex were cloned came from the transcriptiontranslation experiment which showed that pJRS1 contained structural genes for four polypeptides which had the same mobility in sodium dodecyl sulfate-polyacrylamide gel electrophoresis as the four polypeptides from a purified preparation of branched-chain keto acid dehydrogenase from P. putida. Additional evidence was provided by transformation of P. putida mutants unable to make one or more of the complex subunits. When these mutants were transformed with pSS1-1, they were able to grow in valine-isoleucine medium, and complex activity was restored. E. coli HB101(pSS1-1) also produced branched-chain keto acid dehydrogenase which it was unable to do in the absence of pSS1-1. It would be possible to fit bkdA, bkdB, and lpdV onto a fragment of DNA 4.5 to 5.0 kb in length. Since the smallest cloned fragment which contains all structural genes is 6.0 kb, it is clear that these genes are closely linked, which agrees with their map locations as determined by conjugation experiments with the K sex factor (37) .
Two of the four polypeptides of purified branched-chain keto acid dehydrogenase have been identified as E2 and LPD-Val; therefore, at least one of the remaining two polypeptides must be the El subunit. The most likely possibility is that both of the remaining polypeptides are part of the El subunit since this subunit has both catalytic and regulatory functions (21, 31) . El of mammalian branchedchain keto acid dehydrogenase does in fact consist of two subunits (25, 26) . A second possibility is that some sort of regulatory protein which copurifies with the complex has been cloned. The protein kinase which inactivates mammalian branched-chain keto acid dehydrogenase (6, 9, 23, 24) copurifies with the complex (25) . There is also the remote possibility that the fourth protein has no relationship to branched-chain keto acid dehydrogenase and is simply a contaminant which copurifies with the complex and whose structural gene is located close to those of the complex.
The present study shows that the expression of branchedchain keto acid dehydrogenase structural genes in wild-type P. putida is controlled by nitrogen limitation and by catabolite repression which is typical of amino acid catabolism in gram-negative bacteria (18, 27) . Because pJRS4 is only 0.5 to 1.5 kb larger than what is needed to encode for all four structural genes, it is unlikely that a regulatory protein has been cloned and that constitutive expression of bkdAB and lpdV is controlled by the ,B-lactamase promoter of pKT230 between the BamHI and EcoRI sites (1) . The apparent inducibility of branched-chain keto acid dehydrogenase in E. coli HB101(pSS1-1) remains to be explained. Earlier studies showed that branched-chain keto acid dehydrogenase was induced by branched-chain keto acids and not branched-chain amino acids (20) as a separate regulatory event. Branched-chain keto acid dehydrogenase was induced noncoordinately when compared with 3-hydroxyisobutyrate and methylmalonate semialdehyde dehydrogenases, enzymes responsible for the oxidation of isobutyryl coenzyme A (19) .
It will be interesting to compare transcriptional regulation of branched-chain keto acid dehydrogenase structural genes with that of the pyruvate and 2-ketoglutarate dehydrogenases from E. coli (7, 11, (33) (34) (35) (36) . Henning and his coworkers (13, 14) suggested that expression of the aceEF structural genes for El and E2 of pyruvate dehydrogenase is autogenously regulated by the El subunit. Lipoamide dehydrogenase of E. coli is the E3 subunit for the pyruvate and 2-ketoglutarate dehydrogenases, and expression of the lpd gene seems to be related to the content of both of these complexes. In Pseudomonas species, however, LPD-Val is the specific E3 subunit of branched-chain keto acid dehydrogenase, so that its expression should be related only to the expression of this complex.
The reason that minicells transformed with pKT230 produced anomalous proteins is not certain although the most' likely explanation is that fusion proteins were produced. It is interesting that extracts of E. coli minicells containing pSS1-1 produced active branched-chain keto acid dehydrogenase so that the anomalous proteins had enzyme activity. The problem appears to be due to reading of the pKT230 ,-lactamase promoter by E. coli RNA polymerase since the correct proteins were produced from pJRS1 which contains the lac promoter of pUC18.
It will be interesting to compare the sequences and regulatory features of branched-chain keto acid dehydrogenase genes with those of the pyruvate and 2-ketoglutarate dehydrogenases of E. coli mentioned above to determine whether there is a common evolutionary pathway. In this connection, the dual function of pyruvate-branched-chain keto acid dehydrogenase of B. subtilis may be an example of a pyruvate dehydrogenase evolving into a branched-chain keto acid dehydrogenase (17) . We suspect that LPD-Glc is the biochemical equivalent of E. coli lipoamide dehydrogenase based on function (28) and on amino acid composition (8) and that LPD-Val evolved specifically as the E3 subunit of branched-chain keto acid dehydrogenase. At present, there are no clues to the ancestor of LPD-Val.
